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All neural cell types in the vertebrate retina, except astrocytes, have been shown to develop from multipotential progenitor
cells. It is not known, however, to what extent the progenitor cells are heterogeneous in their developmental potential or
to what extent cell±cell interactions versus cell-autonomous factors in¯uence the types of cells they become. To address
these issues we developed a clonal-density cell culture system where mouse retinal progenitor cells can survive, divide,
and differentiate. We followed the development of clones both by continuous time-lapse video microscopy and by daily
microscopic observation. We show that even when cultured at clonal density in a homogeneous general environment,
where they cannot contact cells outside their own clone, the retinal progenitor cells vary in proliferative capacity, cell
cycle time, and in the cell types that they generate. In addition, we show that under these conditions single progenitor
cells can generate both neurons and glia, in which case the neurons almost always develop before glial cells, as is the case
in vivo. q 1997 Academic Press
INTRODUCTION fates. Although a number of cytokines have been identi®ed
that in¯uence the types of cells that develop in clonal cul-
tures of hemopoietic progenitor cells, it has been dif®cultThe mechanisms by which multipotential progenitor
to determine whether the cytokines in¯uence fate choicecells choose between alternative fates are of central impor-
or instead allow the selective survival of speci®c cell types,tance to the development of multicellular organisms. There
with fate choice occurring stochastically. It would be a greatis increasing evidence, especially from genetic studies in
help if it were possible to follow each cell division, each¯ies and worms (for reviews see Jan and Jan, 1995, and
differentiation event, and each cell death within clones ofDuggan and Chal®e, 1995), that both cell-intrinsic programs
such progenitor cells, but this has not yet been achieved. Byand cell±cell interactions usually in¯uence such choices,
exploiting the cell-survival-promoting activity of the bcl-2but it remains uncertain to what extent each operates in
gene in a transfected hemopoietic cell line, Fairbairn et al.most cell-fate decisions in vertebrate development, where
(1993) have shown that many types of blood cells developgenetic analysis is dif®cult.
in culture in the absence of exogenous cytokines, suggestingIn vertebrates the usual approach to the problem is to
that, for these cells at least, cell fate may be determinedstudy the in¯uence of speci®c cytokines on cell-fate deci-
stochastically and that the cytokines normally act by pro-sions in culture. A major dif®culty with this approach, how-
moting the survival of speci®c cell types. It will be im-ever, is that it is often hard to distinguish between an in¯u-
portant, however, to determine whether normal hemopoi-ence on fate choice and an in¯uence on cell survival. In the
etic progenitor cells behave in the same way, especially inhemopoietic system, for example, where it has been known
vivo.for over 30 years that a multipotential stem cell gives rise
In the neural crest lineage, by contrast, cytokines haveto all of the cell types in the blood, it is still uncertain how
been shown to act instructively to in¯uence fate choice.the stem cell and its progeny choose between alternative
Using a clonal culture system (Stemple and Anderson, 1992)
where it was possible to assess cell survival and death, An-
derson and his colleagues showed that neural crest cells1 To whom correspondence should be addressed at present
could be induced to develop into glial cells by glial growthaddress: University of Oregon, Institute of Neuroscience, 1254
factor (Shah et al., 1994), into smooth muscle by trans-University of Oregon, Eugene, OR 97403-1254. E-mail: ajensen@
uoneuro.uoregon.edu. forming growth factor b1 (TGFb1) (Shah et al., 1996), and
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into neurons by bone morphogenic protein 2 (BMP2) (Shah density cultures has hampered attempts to adopt this strat-
egy to study retinal development. By exploiting the cell-et al., 1996).
Less is known about how cells choose between alterna- survival-promoting activity of the bcl-2 gene (Vaux et al.,
1988), driven off a neuron-speci®c enolase promoter (Mar-tive fates in the vertebrate central nervous system, although
recent studies suggest that extracellular signals can operate tinou et al., 1994), we have developed a clonal culture sys-
tem where mouse retinal progenitor cells can survive, di-instructively on multipotential precursor cells isolated
from the developing rodent telencephalon (Johe et al., 1996; vide, and differentiate in isolation from their neighbors. We
have continuously followed these processes by time-lapseQian et al., 1997). We have been studying fate choice in the
mammalian retina, where MuÈ ller glial cells, photorecep- video microscopy and by daily visual inspection. To our
knowledge, this has not previously been accomplished fortors, and a variety of neurons develop from retinal neuroepi-
thelial cells that initially all look alike (Braekevelt and Hol- retinal cells, although the fate of individual chick progenitor
cells has been followed by sequential photography in low-lenberg, 1970; Hinds and Hinds, 1979). Birth-dating and
other studies have shown that the different cell types are density cultures (Repka and Adler, 1992), and colonies of
rat progenitor cells have been followed by time-lapse videogenerated at different times: in the rodent retina; for exam-
ple, retinal ganglion cells, cones, horizontal cells, and ama- recording (Anchan et al., 1991). We show that progenitor
cells isolated from the same age embryonic retina, culturedcrine cells are mainly generated before birth, while MuÈ ller
cells and bipolar cells are mainly generated after birth (Sid- under identical conditions, vary in their proliferative prop-
erties and in the way they differentiate, suggesting thatman, 1961; Kuwabara and Weidman, 1974; Carter-Dawson
and LeVail, 1979; Hinds and Hinds, 1979; Young, 1985). these cells may have diversi®ed in vivo before they stopped
dividing and differentiated.Clonal analyses in vivo in developing rat (Turner and
Cepko, 1987), mouse (Turner et al., 1990), and frog (Holt et
al., 1988; Wetts and Fraser, 1988) retina have shown that
nearly all possible combinations of these cell types can de- MATERIALS AND METHODS
velop from a single progenitor cell, indicating that at least
many retinal progenitor cells are multipotential. In these Reagents
studies it was found that clones composed of only two cells
All reagents were from Sigma, unless indicated otherwise.
sometimes contained different cell types, suggesting that
commitment to cell type can occur at, or after, the ®nal
progenitor cell division, although normal cell death could Retinal Cell Preparation
confound such analysis (Voyvodic et al., 1995).
Wild-type C57Bl/6J female mice were mated with transgenicIt is still unknown how multipotential retinal progenitor
C57Bl/6J males carrying the human bcl-2 (hbcl-2) gene under thecells choose between alternate fates. Cell±cell interactions
control of a neuron-speci®c enolase promoter (Martinou et al.,
are likely, however, to play a part. Selective destruction of 1994). Females remained with the male until a vaginal plug was
monoaminergic amacrine cells in gold®sh and frog retina, detected in the morning. The night previous to plug detection was
for instance, results in the overproduction of these cells in taken as Day 0 of the pregnancy. Embryonic age was checked by
the peripheral retina (Nagishi et al., 1982; Reh and Tully, comparison with embryonic stages described by Theiler (1972).
Neural retinas were dissected from perinatal mice. To avoid astro-1986). Perinatal retinal cells produce factors that promote
cytes in the culture (Watanabe and Raff, 1988; Ling and Stone,rod development in culture (Altshuler and Cepko, 1992;
1989), the central half of the retina was discarded and the outerWatanabe and Raff, 1992). Signals mediated by Notch pro-
half was used for the experiments.teins inhibit retinal progenitor cells from differentiating
Retinas were kept at room temperature in phosphate-bufferedinto at least some types of neurons (Dorsky et al., 1995,
saline (PBS, Gibco/BRL), containing Ca2/ and Mg2/, until the geno-1997; Austen et al., 1995), suggesting that cell±cell interac-
type of each embryo was determined (see below). A few retinas
tions similar to lateral inhibition in ¯ies (reviewed by Arta- from transgenic embryos were pooled and dissociated with 0.2%
vanis-Tsakonas and Simpson, 1991) operate in vertebrate trypsin (Boeringer-Manheim) or with papain (15 units/ml, Worthin-
retinal development. On the other hand, there is evidence gton) for about 3 min at 377C. Trypsin was inhibited with 20%
that not all retinal progenitor cells are equivalent: those fetal calf serum (FCS) in Ca2/- and Mg2/-free PBS containing 0.04%
DNase, while papain was inhibited with a solution containing 1%from early embryonic rat retina seem different from those
ovomucoid (Boeringer-Manheim) and 1% bovine serum albuminin the perinatal retina in their proliferative capacity and in
(BSA). Cells were dissociated by trituration in inhibitor solution,the cell types that they can become (Watanabe and Raff,
centrifuged, and resuspended in dilution buffer made up of Ca2/-1990; Lillien and Cepko, 1992), suggesting that cell-intrin-
and Mg2/-free PBS (Gibco/BRL), containing 0.2% BSA, insulin (10sic factors are important in determining fate choice.
mg/ml), and N-acetyl-L -cysteine (250 mM). The cell suspension wasAs in the hemopoietic system, studies of cell-fate deter-
passed through a nylon mesh (8-mm pore size). Cells were counted
mination in the vertebrate retina would be greatly helped and diluted to a concentration of 10 cells/ml in dilution buffer.
if retinal progenitor cells could be cultured at clonal density They were ®ltered again through a nylon mesh and made up to
under conditions where they would proliferate and differen- approximately 200±300 cells/ml of culture medium (see below).
tiate and every cell division, differentiation event, and death The cells were plated in 2.5 ml of medium per 60-mm tissue culture
dish (Falcon), 3 ml/25 cm T-¯ask (Falcon; for time-lapse studies),could be followed. The poor survival of retinal cells in clonal
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or 1.5 ml per slide-¯ask (Nunc), all coated with poly-D-lysine (PDL, by ¯uorescein-coupled monoclonal anti-BrdU antibody (diluted 1:3 in
TBLS; Becton±Dickinson).5 mg/ml) and laminin (5 mg/ml, Gibco/BRL). Cells were grown in
a humidi®ed incubator in 5% CO2 at 377C. To label cells in clones for glial ®brillary acidic protein (GFAP)
and microtubule-associated protein 2 (MAP-2), the cells growing
at clonal density in slide-¯asks were ®xed in 2% paraformaldehyde
and then 70% ethanol. After rehydration, the cells were incubatedGenotyping of hbcl-2 Transgenic Perinates
in rabbit anti-GFAP antiserum (Pruss, 1979; diluted 1:200 in TBLS)
Because hbcl-2 transgenic females are sterile, transgenic males had or mouse monoclonal anti-MAP-2 (Tucker et al., 1988; supernatant
to be crossed with wild-type females, generating litters that were a diluted 1:10 in TBLS), followed by the FITC-GAM and Texas Red
mixture of wild-type and transgenic offspring. Therefore, the genotype goat anti-rabbit Ig (Jackson; diluted 1:100 in TBLS). Cells were incu-
of each embryo or pup had to be determined. Following decapitation, bated in bisbenzamide (1 mg/ml in PBS) to label cell nuclei and
a small piece of spinal cord was dissociated by trituration with a viewed with a Zeiss Axioskop ¯uorescence microscope. Fluores-
Pipetteman and the cells were plated onto PDL-coated coverslips. cent images were captured using a Hamamatsu cooled CCD camera
After the cells adhered, they were ®xed in cold methanol, rehydrated, and controller and Adobe Photoshop software. Individual images
and incubated for 20 min in monoclonal anti-hBcl-2 antibody (Pez- of MAP-2, GFAP, and bisbenzimide labeling were taken. Each im-
zella et al., 1990; supernatant diluted 1:1 in Tris-buffered saline solu- age was assigned its corresponding color, and the three images were
tion containing 10 mM lysine, 1% BSA, and 20% goat serum (TBLS)). merged.
The cells were washed and incubated in ¯uorescein-coupled goat anti- To double-label cells with antibodies to hBcl-2 and GFAP, retinal
mouse IgG/ IgM (FITC-GAM, Jackson; diluted 1:100 in TBLS). After cells were isolated and dissociated as described above, plated onto
washing, the coverslips were mounted in Citi¯uor, sealed with nail PDL / laminin-coated coverslips (65,000 cells/13-mm coverslip),
varnish, and examined in a Zeiss Axioskop ¯uorescence microscope. and cultured for 7 days. The cells were ®xed in 2% paraformalde-
The retinas from the corresponding transgenic animal were then se- hyde and then 70% ethanol. After rehydration, the cells were
lected for dissociation. stained sequentially for hBcl-2, GFAP, and bisbenzamide as de-
scribed above. Images were made as described above.
Culture Medium
Clonal Analysis
The culture medium was a modi®cation of that described by
Stemple and Anderson (1992), which itself was based on several Approximately 12±16 hr after the cells were plated at clonal
other recipes (Hawrot and Patterson, 1979; Bottenstein and Sato, density, the cultures were scanned with phase-contrast optics on
1979; Wolinsky et al., 1985; Sieber-Blum and Chokshi, 1985). Lei- a Nikon TMS inverted microscope. At this stage all cell clusters
bowitz L-15 (Gibco) medium was buffered with sodium bicarbonate containing 2 or more cells were ringed on the bottom of the dish
powder (Gibco/BRL) to a ®nal concentration of 25 mM. To this with a marker objective and a black mark was placed above it on
was added the following supplements (®nal concentration): insulin the lid of the dish; these marked cells were only assessed for cell
(10 mg/ml), a-D -1-tocopherol (Vitamin E, 5 mg/ml), b-hydroxybutyr- survival and were excluded from analysis of cell proliferation and
ate (63 mg/ml), biotin (1 mg/ml), oleic acid (10 ng/ml), forskolin (10 clonal composition. The number of live single cells and the number
mg/ml), penstrep (50 units/ml, Gibco/BRL), glycerol (3.6 mg/ml), of cell clusters were counted on each 60-mm culture dish. Of the
BSA-fraction V (1 mg/ml), sodium selenite (30 nM), putrescine (16 500±600 cells plated, 150±200 cells attached. The dishes were
mg/ml), progesterone (20 nM), triiodothyronine (30 ng/ml), thyrox- scanned again after 3 or 4 days in vitro (DIV), and the numbers of
ine (40 ng/ml), N-acetyl-L -cysteine (250±500 mM), basic ®broblast live single cells and the numbers of 2-cell clones and larger clones
growth factor (bFGF, 4 ng/ml; Preprotech), epidermal growth factor were counted. New clones containing more than 1 cell were ringed,
(EGF, 100 ng/ml), neurotrophin-3 (NT3, 10 ng/ml; Genentech), and a blue dot was placed above those with 2 cells and a red dot
brain-derived neurotrophic factor (BDNF, 10 ng/ml; Genentech), above those with more than 2 cells. The dishes were scanned again
ciliary neurotrophic factor (CNTF, 45 ng/ml; gift from M. Send- after 6 DIV, and the clones were counted as before. New clones
tner), and 10% E12 chick brain extract. The brain extract was pre- containing more than 1 cell were ringed, and a blue circle was
pared as described in Stemple and Anderson (1992), except that placed above those with 2 cells and a red circle above those with
brains were used instead of whole embryos; the extract was heated more than 2 cells. This system of colored dots and circles allowed
to 557C for 5 min and spun for 10 min in a microfuge to remove us to follow the time course of proliferation: after scanning a dish
the heat-induced precipitate. at 6 DIV, for example, a blue dot surrounded by a red circle indicates
that this clone grew from 2 cells at 3/4 DIV to more than 2 cells
by 6 DIV; a red circle by itself indicates that the clone grew from
a single cell at 3/4 DIV to more than 2 cells by 6 DIV.Immunocytochemistry
Clones were photographed on the Nikon TMS inverted micro-
To test whether proliferating retinal progenitor cells expressed the scope with a Nikon F70 camera.
hbcl-2 gene, a pregnant female mouse, impregnated by a transgenic
male, was injected intraperitoneally with bromodeoxyuridine (BrdU,
0.1 mg/g body wt). Two hours later the mouse was sacri®ced and the Time-Lapse Video Microscopy
retinas of the embryos were dissociated into single cells and plated
onto coverslips. The adherent cells were ®xed with cold 70% ethanol, Retinal cells growing at clonal density in 25-cm2 T-¯asks were
maintained in a temperature-controlled (377C) chamber enclosingrehydrated, and stained for human bcl-2 as described above, except a
Texas Red GAM antibody (Jackson) was used. The cells were then the microscope stage. The culture medium was ®rst equilibrated
to the correct pH in a 5% CO2 incubator, and the ¯ask top was®xed again in a mixture of 70% ethanol and 20% acid alcohol, rehy-
drated, and incubated in 2 M HCl and then 0.1 M borate, followed tightened and sealed with para®lm. Cells were ®lmed using a Sony
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CCD-Iris high-resolution, black and white video camera attached teine, which has been shown to promote survival when
to a Sony Betacam Sp video cassette recorder (PVW-2800P), which cells are cultured at low density (Mayer and Noble, 1994).
was controlled by an EOS animation controller (BAC900). Cells We tested retinal cells from transgenic mice expressing
were viewed using a Zeiss Axiovert 100 microscope equipped with the hbcl-2 gene under the control of the neuron-speci®c
Achrostigmat LD objectives. Images were recorded every minute. enolase promoter (Martinou et al., 1994), which have in-
If the pH of the culture medium changed noticeably, the ¯ask was
creased numbers of neurons in many parts of the nervousreequilibrated to the correct pH in a 5% CO2 incubator and then
system, including the retina, as a result of decreased normalreturned to the microscope for video recording. For experiments
neuronal death (Martinou et al., 1994). Retinal cells isolatedthat continued for longer than a week, 1.5 ml of medium was
from these mice cultured at clonal density proliferated toreplaced with fresh medium every 6±7 days. Images from the tape
were captured using Adobe Photoshop software and then trans- the same extent as cells isolated from their wild-type lit-
ferred to black and white ®lm. termates, but the transgenic cells survived 10±20% better
over a 7-day period. We therefore used these mice for all of
our experiments. By indirect immuno¯uoresence staining
the hBcl-2 protein was expressed in about 85% of acutelyRESULTS
dissociated E17 retinal cells (not shown); most of the nonex-
pressing cells were probably photoreceptor cells, which doEstablishing Culture Conditions for Clonal Density
not express the transgene (Martinou et al., 1994). To testCultures
whether hBcl-2 was expressed in proliferating progenitor
cells, BrdU was injected into a 17-day pregnant female andWe empirically determined culture conditions that al-
lowed optimal survival and proliferation of Embryonic Day 2 hr later embryonic retinas were dissociated and stained
for BrdU; all of the BrdU/ cells were hBcl-2/ (Fig. 1A), indi-17 (E17) mouse neural retinal cells in clonal density culture.
The periphery of neural retinas was dissociated to avoid cating that progenitor cells express the transgene. In high-
density cultures of E17 retinal cells, both neurons, whichastrocytes and astrocyte precursors, which migrate into the
developing retina from the optic nerve head (Watanabe and were identi®ed by morphology, and GFAP/ glial cells were
hBcl-2/ (Fig. 1B).Raff, 1988; Ling and Stone, 1989), so that the main dividing
cells in the cultures were retinal progenitor cells. Although The survival curves for E13, E17, and neonatal (P0)
transgenic neural retinal cells cultured at clonal densityMuÈ ller glial cells can also divide in culture after they de-
velop, very few such cells would be expected to have devel- under optimal conditions are shown in Fig. 2. The dishes
were scanned 15±20 hr after plating, when approximatelyoped in the peripheral retina at the ages we studied. We
began with conditions published by Stemple and Anderson 90±98% of attached cells were viable by morphological cri-
teria. At this time all cell clusters containing more than(1992) and then modi®ed them empirically. Tissue extract
was found to be required, and E12 chick brain extract was one cell were ringed with a marker objective on the bottom
of the culture dish; these were analyzed for survival butbetter than E8 brain extract, E12 chick eye extract, or E12
chick embryo extract for both cell survival and prolifera- were excluded from analysis of cell proliferation and clonal
composition, as we could not be certain that they arosetion. We also tested culture medium conditioned by high-
density postnatal retinal cells and found no increase in sur- from a single cell. Culture dishes were scanned again after
3 or 4 DIV and after 5 or 6 DIV, and the number of livevival. The addition of fetal calf serum reduced survival,
while the addition of either cobalt chloride (100 nM) or single cells and cell clusters was compared to that at 1 DIV
to determine the percentage of survival (Fig. 2). As both thepotassium chloride (15 mM) had no observable effect. We
tested the adenylate cyclase activator forskolin, as well as survival and proliferation (not shown) were best for E17
cells, we did most of our experiments with E17 or E18 cells.various cytokines, alone or in combinations, including
nerve growth factor (NGF), BDNF, NT3, neurotrophin-4/5
(NT4/5), CNTF, basic and acidic ®broblast growth factors
Cell Proliferation(bFGF and aFGF), EGF, TGFa, growth hormone, granulo-
cyte/macrophage colony-stimulating factor (GM-CSF), glial Although they were grown at clonal density in a homoge-
neous environment, E17 retinal cells varied in both thegrowth factor (GGF), BMPs-2, -4, and -7, and insulin. A
combination of NT3, BDNF, CNTF, and bFGF and EGF, number of times they divided and their cell-cycle times.
Table 1 summarizes the proliferation data assessed at 4 andinsulin, and forskolin was optimal. We tested several syn-
thetic culture media, including Dulbecco's modi®ed Eagle 6 DIV, excluding cell clusters that contained more than one
cell at 1 DIV. After 4 DIV, 16% of the single cells presentmedium (DMEM), DMEM/nutrient mix F-12 (1:1), Leibov-
itz's L-15 medium, Waymouth's medium, and neurobasal at 1 DIV had divided: 6% of these were two-cell clones, and
10% were larger. Although the numbers were similar aftermedium. Leibowitz L-15 medium with added bicarbonate
was optimal. Adding B-27 or N-2 supplements did not in- 6 DIV, new multiple-cell clones appeared after 4 DIV, dem-
onstrating that proliferation continued for more than 4 DIV:crease survival or proliferation. We tested several sub-
strates, including gelatin, collagen, PDL, PDL/ ®bronectin, after 6 DIV, 5% of previous one-cell clones at 4 DIV had
enlarged, 1% became two-cell clones, and 4% were larger.PDL / merosin, and PDL / laminin. PDL / laminin was
optimal. Finally, we added the antioxidant N-acetyl-L-cys- Clearly, the dividing cells in the cultures were heteroge-
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neous in their cell cycle times, as some single cells at 1
DIV had divided before 4 DIV while other singles had not
divided until after 4 DIV. The great majority of cells that
did not divide by 6 DIV had a neuronal morphology. Other
E17 clonal cultures that were analyzed in this way gave
similar results.
Figure 3 shows the distribution of clone sizes from an
experiment where the number of cells in each clone was
counted at 4 and 6 DIV, excluding single cells that did not
divide. At 4 DIV most clones contained 2±5 cells, and no
clones contained more than 20 cells. By 6 DIV, clones had
become larger and many had more than 20 cells.
FIG. 2. Cell survival in clonal-density cultures of embryonic and
neonatal (P0) retina. Approximately 600 cells were plated onto 60-
mm tissue culture dishes. The next day (1 DIV) about 150±200
single cells and small cell clusters had attached and more than
90% of them appeared viable. The percentage survival per dish was
determined by dividing the total number of live single cells and
cell clusters on that day by the number present at 1 DIV. Each
point is the mean { SEM of four dishes at E13, eight at E17, and
two at P0. The total numbers of live single-cell clones and clusters
of cells at 1 DIV were 575 for E13, 902 for E17, and 408 for P0.
Cellular Composition of Clones
Many of the dividing cells in the cultures could be unam-
biguously identi®ed as retinal progenitor cells by the fact
that they produced one or more cells with the characteristic
morphology of neurons after they divided one or more
times. Progenitor cells had a characteristic ¯at morphology
and usually had elaborate lamellipodia (Fig. 4, clone 1, 6
DIV, white arrows). By 7 DIV, many clones that contained
neuron-like cells also contained cells with a glial cell mor-
phology. When such clones were stained with antibodies
against GFAP to identify glial cells and MAP-2 to identify
neurons many of the glial-like cells were GFAP/ and all of
the neurons were MAP-2/ (Fig. 5). Whereas normal MuÈ ller
cells in vivo are not GFAP/, they often express GFAP in
culture (Scherer and Schnitzer, 1989) and in vivo after injury
(Bignami and Dahl, 1979). Whereas most neurons produced
by a dividing progenitor cell had developed by 3±4 DIV,
glial cells continued to be produced from progenitor cells
FIG. 1. The hBcl-2 protein is expressed in both retinal progenitor for much longer. Where neurons and glial cells developed
cells and glial cells. (A) Seventeen-day pregnant mice were injected in the same clone, the neurons almost always appeared to
with BrdU, and 2 hr later the embryonic peripheral retinal cells were develop ®rst.
dissociated and stained with antibodies to hBcl-2 (red) and BrdU Although the progenitor cells developed at clonal density
(green). Arrows indicate presumptive progenitor cells that are positive in a relatively homogeneous environment, the cellular com-
for both hBcl-2 and BrdU. (B) Peripheral retinal cells from E17
position of the clones they gave rise to was variable. Tabletransgenic mice were cultured for 7 days and then stained with anti-
2 shows the percentage of clones that contained neuronsbodies to hBcl-2 (green) and GFAP (red) and with bisbenzimide (blue)
and the number of neurons in each clone, assessed at 4 andto label cell nuclei. Most of the cells in the ®eld are neurons (judged
6 DIV. At 4 DIV, approximately 40% of the clones containedby morphology) and express the transgene; the single GFAP/ cell, or
presumptive MuÈ ller cell, does also. Scale bar, 20 mm. at least one neuron, while at 6 DIV, 30% did so. The reduc-
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TABLE 1
Cell Proliferation in Clones
4 DIV 6 DIV New multiple-cell clones
(573 clones)a (469 clones)a between 4 and 6 DIV
% multiple cell clones (No. of clones containing 1 cell/No.
of single-cell clones at 1 DIV) 16% (176/1060) 17% (181/1060) 5% (50/1060)
% 2-cell clones (No. 2-cell clones/No. of single-cell clones at
1 DIV) 6% (61/1060) 3% (34/1060) 1% (9/1060)
% 2-cell clones (No. 2-cell clones/No. of single-cell
clones at 1 DIV) 10% (106/1060) 14% (147/1060) 4% (41/1060)
Note. At 1 DIV there were 1060 single cells in a total of ®ve dishes; at 4 DIV 176 of those had become multicellular clones and at 6
DIV 181 of those had become multicellular clones.
a Total number of live single cells plus the number of clones that had survived from the initial 1060 single cells at 1 DIV.
tion in the number of clones containing neurons between (Voyvodic et al., 1995). Although we could see dead cells
in some clones, occasionally the dead cells detached from4 and 6 DIV was probably due to cell death. There was no
the dish and were lost. Cell migration could also confoundobvious correlation between clone size and the presence of
clonal analysis, if some cells migrated either into or out ofneurons: at 6 DIV; for instance, some clones with over 20
the area of a clone. To overcome these problems we continu-cells had one or two neurons, while some clones with just
ously monitored the development of over 30 clones in 154 cells had two neurons. Some typical clones that developed
cultures by time-lapse video microscopy. These data arein the same dish are shown in Fig. 4.
summarized in Table 3. In this way we con®rmed that reti-
nal progenitor cells were heterogeneous in their rate andMonitoring Clonal Development by Time-Lapse
extent of proliferation, and that in clones containing bothVideo Microscopy
neurons and glial-like cells, the neurons developed before
The cellular composition of a clone can be in¯uenced by glial-like cells. Some progenitor cell divisions were prolifer-
cell death, as well as by cell proliferation and differentiation ative, producing two progenitor cells that divided again,
while others produced a neuron and a cell that went on to
divide again.
Retinal progenitor cells were highly motile, with elabo-
rate lamellipodia (Fig. 6, 3.4 DIV, arrowhead), but they did
not migrate far. Neither progenitor cells nor their differenti-
ated progeny migrated out of the microscope ®eld con-
taining the rest of the clone (when viewed with a 101 objec-
tive), suggesting that cell migration did not confound the
clonal analyses described above. When a progenitor cell dif-
ferentiated into a neuron, it stopped moving, became
smaller and refractile, and often extended long, sometimes
branched, processes (Fig. 7, and see Fig. 4). When a progeni-
tor cell differentiated into a glial-like cell, it became less
motile, lost its characteristic lamellipodia, and acquired a
more stellate morphology (see Fig. 6, 5.4 DIV, black arrows).
In a number of cases cells died with the characteristic
features of apoptosis during recording. In no case did we
observe the phagocytosis of a dead cell, even when it was
in contact with another cell in the clone. In one case, a dead
neuron remained on the surface of a putative progenitor cell
for over a week, which was as long as we followed it, with-
out being ingested (see Fig. 7).
DISCUSSION
FIG. 3. The distribution of clone sizes in cultures of E17 retinal Advantages of Clonal Analysis by Continuouscells. The number of cells in clones that were single cells at 1 DIV
Observationwere counted at 4 and 6 DIV. At 1 DIV there were 1060 single cells
We describe here a clonal culture system where it is possi-in ®ve dishes: They gave rise to 167 clones by 4 DIV and 181 clones
by 6 DIV. ble to follow retinal progenitor cells continuously by time-
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FIG. 4. Micrographs of four representitive clones in the same dish. The clones were photographed at 6 and 8 DIV. The black arrows
point to cells with a characteristic neuronal morphology (all panels). The white arrowhead points to a cell with a glial cell morphology
(clone 2, 8 DIV). The black arrowhead points to an apoptotic cell (clone 1, 8 DIV). The white arrows point to cells with elaborate
lamellipodia, a characteristic feature of retinal progenitor cells (clone 1 at 6 DIV). Scale bar, 100 mm.
lapse video microscopy, so that each cell division, cell dif- where the overall environment is initially homogeneous
and, to some extent, controllable.ferentiation event, and cell death can be recorded. This type
of analysis has the great advantage over other types of clonal
analysis where the ®nal composition of a clone can be accu-
Short-Comings of the Culture Systemrately determined but the sequence of events and the
amount of cell death cannot. The power of clonal analysis There are, however, a number of weaknesses in our clonal
by continuous observation is best demonstrated in the nem- culture system. First, the retinal progenitor cells are not
atode Caenorhabditis elegans, where every cell division, puri®ed. Between 20 and 25% of the adhered cells that were
every cell death, and every cell migration has been deter- single cells at 1 DIV later divided, providing a minimum
mined from the fertilized egg to the adult worm (Sulston estimate of the proportion of the progenitor cells in the
and Horvitz, 1977; Sulston et al., 1983). The added advan- initial plating population. It is possible that many of the
tage of continuous-recording clonal analysis in culture is single cells that did not divide were also progenitor cells,
which differentiated without dividing. Although the cul-that one can observe the behavior of cells under conditions
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developmental potential in these cultures, either because
many of the normal signals that control their proliferation
and differentiation are missing or because inhibitory factors
are present in the brain extract. This is, of course, also one
of the strengths of in vitro technology: it allows one to look
for the missing signals and thereby gain insight into how
normal development is controlled. Despite these short-
comings, our clonal analysis allows us to draw some conclu-
sions about retinal progenitor cell behavior that would be
dif®cult to deduce in other ways.
Variation in Proliferative Behavior
Although the progenitor cells are maintained in the same
overall environment, they vary in their cell cycle times
(from 1 day to more than 3 days) and the number of times
FIG. 5. Immuno¯uorescence staining of a clone containing a sin- they divide (from once to several times). As the cells are
gle neuron and several glial cells. E17 retinal cells were cultured
presumably all exposed to the same overall mitogens, andfor 7 days at clonal density in a slide-¯ask and then labeled with
as these differences in proliferation properties can some-antibodies against MAP-2 (green) and GFAP (red) and with bisben-
times be seen in clones even before any overt differentiationzimide (blue). One of the MAP-2/ processes of the neuron was
has occurred, it seems likely that the differences are intrin-broken during the staining procedure. Scale bar, 25 mm.
sic to the progenitor cells themselves. Previous clonal anal-
yses in vivo have shown that progenitor cells vary greatly
in the size of clones they produce (Turner and Cepko, 1987;
Holt et al., 1988; Wetts and Fraser, 1988; Turner et al.,tures are not pure, the very low cell density (about 150
adherent cells at 1 DIV in a 60-mm dish), however, makes 1990), but these studies could not determine whether the
differences were cell-intrinsic or related to differences init unlikely that there is much interclonal communication.
Second, although serum is not present, brain extract is, the extracellular environment. Similarly, previous studies
have shown that young retinal progenitor cells respond dif-which means that the culture medium is not de®ned. Third,
because wild-type cells frequently die too quickly to be cate- ferently than older ones to both de®ned growth factors (Lil-
lien and Cepko, 1992) and forskolin (Taylor and Reh, 1989)gorized, we use retinal cells from transgenic mice that ex-
press the human bcl-2 gene in many of their neural cells (both of which are present in our cultures), but because
these factors were tested in conventional retinal culturesas this greatly improves cell survival. Although the only
established function of the bcl-2 protein is to delay cell that contained different cell types, it is unclear whether the
differences in response were intrinsic to the progenitor cells.death (Vaux et al., 1988), we cannot exclude the possibility
that it also in¯uences neural cell proliferation or differentia- Even though in the present study proliferative differences
are seen between progenitor cells from retinas of the sametion; this seems unlikely, however, given the phenotype of
the transgenic mice (Martinou et al., 1994). Fourth, we have age, these differences could well re¯ect differences in the
maturation of the progenitor cells, as it is well known thatnot yet been able to identify the type of neurons that de-
velop in clones, although this should be possible. Fifth, it there are maturation gradients across the developing verte-
brate retina (Sidman, 1961).may be that the progenitor cells do not display their full
TABLE 2
Neuronal Development in Clones
4 DIV 6 DIV
(573 clones)a (469 clones)a
% clones (1 cell) that contain neurons
(No. neuron-containing clones/total No. clones) 37% (62/167) 30% (54/181)
No. neurons in neuron-containing clones 1 neuron: 40 1 neuron: 30
2 neurons: 20 2 neurons: 20
4 neurons: 2 3 neurons: 3
4 neurons: 1
a Total number of live single cells plus the number of clones that had survived from the initial 1060 single cells at 1 DIV.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8645 / 6x29$$$221 07-23-97 23:39:32 dba
275Heterogeneity of Retinal Progenitor Cells
TABLE 3
Summary of Clones Followed by Time-Lapse Microscopy
Initial age Recording period
of cells No. of cells observed No. of neurons (DIV) Deaths during observation
E14 3 2 2±5 0
E18 4 2 3±6 0
E17 3 2 3±5 All
E17 6 1 2±9 Neuron
E15 3 1 2±5 Neuron
E15 3 1 5±9 1 ¯at cell, then rest
E14 2 1 2±3 Neuron, then ¯at cell
E13 3 1 2±4 Neuron
E13 5 2 4±5 All
E13 11 0 5±9 1 ¯at cell
E14 3 0 2±3 0
E14 5 1 3±4 All
E14 3 2 4±6 1 neuron, then rest
E18 4 2 5±8 All
E18 4 2 8±9 0
E17 16 2 2±17 1 neuron
E18 6 3 4±10 0
E18 3 2 2±3 All
Note. Thirty single cells and clones were observed by time-lapse video microscopy. Those not included in the table were single cells
that died or did not divide during the ®rst 2 days of recording. Cells not identi®ed as neurons by morphological criteria were ¯at in
morphology, and no distinction was made between glial-like cells and progenitor-like cells.
Not surprisingly, cells that develop the morphology of tify the types of neurons that developed. The composition
of the clones in terms of the numbers of neurons and puta-neurons never divide in our cultures. At least some of these
cells express the neuron-speci®c microtubule-associated tive glial cells, however, is variable. Although some cells
die by apoptosis, time-lapse video microscopy indicates thatprotein (MAP-2), con®rming that they are neurons. By con-
trast, cells that develop the morphology of glial cells in our cell death is not responsible for most of the clonal variabil-
ity, which instead re¯ects the variable development of thecultures often divide. There are three reasons for believing
these cells are MuÈ ller cells: (1) MuÈ ller cells are the only progenitor cells.
Nearly every type of progenitor cell division is seen in ourglial cells that develop from retinal progenitor cells (Turner
and Cepko 1987; Watanabe and Raff, 1988). (2) Many cells cultures. Many go through a typical proliferative division
to produce two progenitor cells that divide again. Otherswith this morphology express the glial-speci®c intermedi-
ate ®lament protein GFAP. (3) It is unlikely that these cells produce one progenitor cell that divides again and a cell
that differentiates into either a neuron or a glial cell; if itare astrocytes because the neural retinal cells are prepared
from the periphery of the embryonic retina at a time when is a glial cell, it can divide again. Still others produce two
daughter cells that differentiate, one into a neuron and theastrocytes or their progenitors would not be expected to
have migrated into this part of the retina (Watanabe and other into a glial cell. We have not observed by time-lapse
video microscopy the case where a progenitor cell dividesRaff, 1988; Ling and Stone, 1989). Although MuÈ ller cells
divide in dissociated cell cultures, they do not apparently and both daughters differentiate into neurons, although we
have found by daily observation two-cell clones (that weredo so in the developing or mature retina, even if the retina
is injured (Kuwabara, 1965), suggesting that there may be single cells at 1 DIV) containing just two neurons. We have
also followed a clone (which was a single cell at 1 DIV) byinhibitory in¯uences operating in vivo that are not present
in our cultures. time-lapse, starting at 4 DIV, which had three neurons and
one ¯at cell at the start of recording; the ¯at cell divided
once, and one of its daughters divided again so that by 7
Variability in Differentiation Behavior DIV, each of the three neurons sat on top of its own isolated
¯at cell.Many clones that develop in our cultures contain a mix-
ture of neurons and glial cells, con®rming that many retinal The most important observation of this study is the ®nd-
ing that progenitor cell development is variable, evenprogenitor cells are multipotential. For either technical rea-
sons or because the neurons do not express cell-type-speci®c though the cells come from the same age retina, are growing
in the same overall environment, and are unlikely to bedifferentiation markers in these cultures, we could not iden-
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FIG. 6. Time-lapse video micrographs of a developing clone. E17 retinal cells were cultured at clonal density, and video recording of a
three-cell clone began at 3 DIV. The white arrow in the ®rst panel points to a progenitor cell that will differentiate into a neuron. At 3.4
DIV, the three cells have separated, and a clearly identi®able neuron has developed (white arrow). The neuron still contacts the remaining
two progenitor cells, one of which has a large lamellipodia (arrowhead). By 5 DIV the neuron (white arrow) has lost contact with one of
the progenitor cells and is sitting on top of the other. By 5.2 DIV the progenitor cell without the neuron has divided and the two daughter
cells are beginning to take on the stellate morphology of glial cells (black arrows). By 5.4 DIV the two glial-like daughter cells (black
arrows) have joined the other two cells. By 6.7 DIV one of the two glial-like daughter cells has moved away and divided (white arrow),
and the neuron has died, displaying the characteristic features of apoptosis (white arrow). By 7.1 DIV, the other ``glial cell'' daughter has
divided, and the dead neuron has still not been phagocytosed (white arrow). At this stage at least four of the cells have the stellate
appearance of glial cells. In all, ®ve divisions took place in this clone during the 7 DIV, three of which were recorded on videotape. Scale
bar, 100 mm.
interacting with cells in other clones. It is particularly inter- from a developing retina tend to give rise in culture to cells
appropriate for that age (Reh and Kljavin, 1989), even whenesting that the two daughter cells produced by a progenitor
cell under these conditions can develop differently. These they are cultured in an excess of cells taken from a retina
of a different age (Watanabe and Raff, 1990). These ®ndings®ndings strongly suggest that cell-intrinsic factors play an
important part in in¯uencing the type of cell a progenitor suggest that the developmental potential of retinal progeni-
tor cells changes over time. Thus the different behaviors ofdevelops into, at least under our culture conditions; we can-
not exclude the possibility, however, that local cell±cell progenitor cells in our clonal cultures may re¯ect differ-
ences in the maturation of the progenitor cells.interactions within a clone also play an important part. In
principle, the cell-intrinsic factors could be preset intracel- It is interesting to compare our results with those of Re-
pka and Adler (1992), who followed the fate of individuallular programs or stochastic events.
At least two lines of evidence point to the importance of E5±E8 chick retinal progenitor cells in low-density cultures
by sequential photography. They found that more than 80%preset intracellular programs. First, neurons develop before
glial cells in our clones, just as they do in vivo. Whereas of the cells developed into photoreceptors, supporting their
hypothesis that photoreceptor development is the defaultthis could suggest that neurons are required for glial cell
development, our ®nding that glial cells can develop in pathway for chick progenitor cells deprived of interactions
with other cells. Why are our results so different? One possi-clones without neurons makes this unlikely. Second, previ-
ous studies have shown that progenitor cells dissociated bility is that there is a difference between mouse and chick
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FIG.7. Time-lapse video micrographs of a developing clone. E17 cells were cultured as described in the legend to Fig. 6 and video recording
began at 2 DIV, when the clone contained four morphologically indistinquishable progenitor cells (not shown). By 2.3 DIV one of the
cells has moved away from the other three cells. By 2.8 DIV the separated cell has moved out of the microscope ®eld, and one of the
remaining three cells has divided. By 8.5 DIV there has been another division, one cell has differentiated into a neuron (white arrow), and
another is just beginning to do so (black arrow); the latter cell has become more differentiated by 9.8 DIV (black arrow). By 10.5 DIV the
second neuron that developed has died (black arrow), while the other still appears healthy (white arrow). The entire clone is shown at
16.6 DIV at lower magni®cation; a division is in progress (arrowhead). A high-magni®cation image at 17 DIV shows that the one neuron
is still alive (white arrow), while the one that died by 10.5 DIV has still not been phagocytosed (black arrow). In all, 17 divisions took
place in this clone, and all but 2 of them were recorded on videotape. Scale bar, 100 mm.
retinal progenitor cells. The majority of photoreceptor cells and condensed, and their nucleus frequently became re-
fractile (Kerr et al., 1972; Wyllie et al., 1980; Searle et al.,in the chick retina, for example, are cones, which develop
early (Kahn, 1974; Prada et al., 1991), whereas the majority 1982). A universal feature of normal apoptosis in developing
vertebrate tissues is that the cells are phagocytosed by mac-in the mouse retina are rods, which develop later (Young,
1985). It is likely that most of the photoreceptors that devel- rophages or neighboring cells almost immediately (Wyllie
et al., 1980). Yet we never saw the phagocytosis of apoptoticoped in Repka and Adler's cultures were cones. Another
possibility is that differences in culture conditions are re- cells in our cultures, even when the dead cell was adherent
to the surface of a progenitor cell or glial cell for severalsponsible for the differences in results. The cell density in
our cultures, for instance, was more than 100-fold lower days. This surprising ®nding suggests that either the progen-
itor cells and glial cells are unable to phagocytose apoptoticthan that in Repka and Adler's cultures; as short-range cell±
cell interactions seem to be required for rod development, cells, which seems unlikely, or some component in the nor-
mal extracellular environment, such as thrombospondinat least in culture (Reh, 1992; Harris and Messersmith,
1992), it may be that such interactions could operate in (for review see Savill et al., 1993), is missing in these cul-
tures. It should not be dif®cult to devise experiments totheir cultures but not in ours.
distinguish between these two possibilities.
In summary, we have developed a clonal culture system
Failure to Phagocytose Apoptotic Cells where it is possible to follow continuously the development
of retinal progenitor cells allowing one to make observa-A number of cells died within clones that were being
followed by time-lapse video microscopy. They all dis- tions that cannot be made in other ways. How else, for
instance, can one observe the behavior of a progenitor cellplayed the characteristic features of apoptosis: they shrank
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